The importance of chestnut coppice stands in northwestern Spain, together with the almost total lack of growth and yield studies, makes the development of applicable tools to facilitate forest management necessary. In the present study two management tools were developed: variable-density yield tables and stand density management diagrams (SDMDs). For constructing the yield tables, a dominant height growth model and a stand density model were fitted. The dominant height growth model was necessary for estimating site index, i.e., for indirectly assessment of site quality. A stand density model was necessary because the silvicultural stages of the stands were very heterogeneous. Both yield tables and SDMDs require fitting models for predicting quadratic mean diameter and growing stock (total or merchantable stand volume and/or total or component stand biomass). Eight yield tables were constructed considering two stand density levels (high and low) and four site indices (8, 12, 16 and 20 m). Rotation lengths producing maximum sustainable yield ranged between 25 and 45 years depending on stand density class and site index. Average growth at these rotation lengths varied from 38.1 m 3 ha -1 year -1 for the highest density and best quality, to 5.2 m 3 ha -1 year -1 for the lowest density and poorest quality. Both the yield tables and the SDMDs developed allow estimation of total and merchantable stand volume, total and component stand biomass and also facilitate the design of silvicultural schedules.
INTRODUCTION
The European Natura 2000 network recognized chestnut (Castanea sativa Mill.) forests as habitats of interest and considered them as characteristic cultural landscapes of the Mediterranean and Atlantic regions (Díaz Varela et al. 2009 ). More than 90 % of all chestnut stands in Spain are located in the northwest of the country (DGCONA 2013) . The chestnut coppice stands currently existing in north-western Spain were established after the 18 th century. However, during the last 30-60 years, many traditional coppice stands have been abandoned or the rotation length has been significantly increased, resulting in degraded and unstable stands. Due to the ethnographic, economic and productive importance of the species, public administrations and stakeholders are now demanding active management to yield the best performance, in terms of both profitability and long-term sustainability. Accurate estimation of forest site quality and growing stock, in terms of volume and biomass is essential for forest management. Management tools such as dominant height growth models, stand biomass or volume equations, yield tables or stand density management diagrams (SDMDs) are therefore necessary to establish the current and future situation of the stands, as well as to optimize stand management.
The first step in any study related to growth and yield modeling for any species is the classification of sites according to their quality. Methods based on the height development of the upper canopy are the most accurate and commonly used for productivity assessment in even-aged stands (Burkhart and Tomé 2012) . Typically, the site quality for a certain species is described by a site index.
The second step involves acquiring information about the growing stock in relation to the initial spacing and/or subsequent thinning. When only one initial plot inventory covering a wide range of ages, densities and sites is available for a certain species, only static models may be developed. Yield tables and SDMDs are currently the most used types of static models (e.g., Diéguez-Aranda et al. 2009) .
Yield tables are defined by Madrigal (1991) as numerical tables that project the development of stand variables over time in an even-aged stand of a certain species. If different density schedules are carried out in the sample plots, density should be included as an independent variable in the stand projection system. Yield tables are commonly termed variable-density yield tables (Burkhart and Tomé 2012) . Mapa que muestra las tasas de cobertura de masas de monte bajo de castaño en el área de estudio. Las parcelas de muestreo están indicadas con puntos rojos.
Stand density management diagrams are graphical models that integrate relationships between yield and density throughout all stages of stand development (Newton et al. 2005) . The use of these diagrams is one of the most effective methods of designing and evaluating alternative density management regimes in even-aged stands.
Despite the economic importance of Castanea sativa in northwestern Spain or elsewhere, there are no many studies of its growth and yield. This aspect strengthens the importance of the development of these equations and tools that are not currently available for chestnut coppice stands. Therefore, the aim of the present study is to develop height growth models, stand volume and biomass equations, yield tables and SDMDs to facilitate the management of the species in the area of study.
METHODS

Data.
A network of 70 permanent plots was established in chestnut coppice stands to cover the existing range of sites, ages and stand densities in the area of distribution of the species in northwestern Spain (figure 1). The observed range of values in the established plots (table 1) presented consolidated stands, with high densities; some of them presenting ages higher than the traditional rotation length for chestnut coppice stands. ), d g = diámetro medio cuadrático (cm), G = área basal (m 2 ha -1 ), H 0 = altura media de los 100 pies más gruesos por hectárea (m), RS = índice de espaciamiento relativo (%) (distribución a tresbolillo), SI = índice de sitio (m, a la edad de referencia de 20 años), V = volumen por hectárea (m 3 ha -1
).
For all trees within the plots, diameter at breast height and total height was measured. Additionally, variables such as stand health and stand age were also recorded (see Menéndez-Miguélez et al. (2013) for more details).
Stem analysis data were obtained by felling dominant trees in areas adjoining 58 of these plots. The trees were selected according to the methodology proposed by Madrigal et al. (1992) , based on that previously established by the British Forestry Commission (Hummel et al. 1959) . All selected trees were healthy, well-shaped and belonged to the upper canopy of the stand.
The cross-sectional disks were obtained at the stem base just above the stool and at 1 m intervals thereafter until a top diameter of 7 cm. The exact height above ground and the diameters (with and without bark) at the points where the disks were removed were measured. Growth ring counts and heights for the cross section disks were used to estimate height-age pairs.
To develop the static models only plots belonging to pure stands (less than 10 % of other species, in this study) are recommended. As a consequence, 15 of the plots installed in mixed stands were not considered for analyses. Additionally, two plots were cut before the end of this study, hampering to know their stand ages. Therefore, 55 plots were used for the development of SDMDs and 53 for the yield tables (which required knowing the stand age).
Construction of the management tools.
For constructing the variable-density yield tables, a dominant height growth model and a stand density model must be firstly developed. The dominant height growth model is necessary for estimating site index, i.e., for indirect assessment of the site quality. A stand density model is necessary in the present study because the silvicultural stages of the stands are very heterogeneous, as reflected by the high variation in stand density existing for a given age or dominant height. Therefore, grouping the sample plots according to their evolution of stand density over age is required; otherwise it is difficult to develop an accurate yield table, and their results may lack practical value (Sánchez et al. 2003) .
Stand density management diagrams, SDMDs. Both yield tables and SDMDs require models for predicting quadratic mean diameter and growing stock (total or merchantable stand volume and/or total or component stand biomass). Diagrams characterize the growing stock with indices that relate average tree size to density. Several density indices have been used: the stand density index (Reineke 1933) , the self-thinning rule (Yoda et al. 1963) , the relative density index (Drew and Flewelling 1979) and the relative spacing index (RS) (Wilson 1946) . All of these indices present the enormous advantage of being independent of site quality and stand age (McCarter and Long 1986) . For constructing SDMDs, it is preferable that dependent variables only depend on dominant height and stand density, and therefore only these variables were used. For yield tables, this constrain does not apply and therefore the selection of the stand variables for each submodel can be optimized. In the system proposed in this study, dominant height was represented on the x-axis and the number of stems per hectare in logarithmic scale on the y-axis. The RS was used to characterize the growing stock level. Dominant height growth model. The stem analysis carried out on field underestimated the heights for a given age. This bias was corrected by using the algorithm proposed by Carmean (1972) , with the modification proposed by Newberry (1991) for the topmost section of the tree. After a further analysis to detect abnormalities, 111 trees (1,663 height-age pairs of observations) were finally selected to model the variation in dominant height with age. Site curves were developed using the simplified approach of mixed-effects modeling proposed by Cieszewski (2003) by applying the GADA (generalized algebraic difference approach) to develop the equation and the dummy variables method, as described by Cieszewski and Bailey (2000) , to estimate the parameters.
Three-parameter models were evaluated, and several variants of each were tested. The evaluated models were the differential function proposed by von Bertalanffy (1949 Bertalanffy ( , 1957 and studied by Richards (1959) , the McDill and Amateis (1992) model and that proposed by Cieszewski (2002) .
The evaluation of the growth of an individual tree over time with single time series equations often generates autocorrelation errors. For achieving this, a continuous autoregressive error structure CAR (x) was used to model the error terms (Diéguez-Aranda et al. 2009 ). The structure was implemented using the MODEL procedure of SAS/ ETS ® (SAS Institute Inc. 2004b).
The base age for site index equations was selected according to the considerations of Goelz and Burk (1992) . The results were compared with the values obtained from stem analyses and the relative error in predictions (RE%) was calculated as follows:
Where, Y i , Ŷ i and Ȳ i = Observed, estimated and average values of tree height, respectively. n = Number of observations. p =Number of model parameters.
Stand density model. The stand density model was developed based on the methodology reported by Sánchez et al. (2003) , which considers the density and its most probable development as the basis of classification. Principal components analysis was applied, using the PRINCOMP procedure of SAS/ETS ® (SAS Institute Inc. 2004b), with the aim of obtaining the rotation of axes that yield the first component with maximum variance.
Quadratic mean diameter model. This model is used to predict the quadratic mean diameter (d g ) of a stand on the basis of different stand variables. The power models are the most commonly used to explain the behavior of this variable. Nevertheless, in this study, different linear mo-
dels were tested because the convergence was not achieved with power models.
Total and merchantable stand volume equations. The first step for constructing this model was the estimation of the total and merchantable tree volume. For this purpose, the compatible total volume and the merchantable volume equations of the compatible system of Fang et al. (2000) as reported by Menéndez-Miguélez et al. (2014) , were used. Top diameters from 0.5 to 40 cm (with intervals of 0.5 cm) were used for estimating merchantable tree volumes and creating the database of model fitting. The following volume-ratio equations were analyzed when fitting the merchantable stand volume, using quadratic mean diameter and/or dominant height as independent variables: Burkhart (1977) , Clark and Thomas (1984) , Reed and Green (1984) modified.
Stand biomass equations.
Equations for estimating components (wood, bark and crown) and total aboveground biomass at stand level were considered. Equations to be included in the yield tables were fitted ensuring additivity of the different components in a previous study (Menén-dez-Miguélez et al. 2013) . Nevertheless, new models with stand density and dominant height as independent variables were fitted to be included in the SDMDs. ) and root mean square error (RMSE) were used to select the best candidate models.
RESULTS
Convergence was possible for all models analyzed, and all parameters were significant at 5 % level.
Dominant height growth model. A trend in the residuals
was detected in all the three dynamic models analyzed, as expected due to the longitudinal nature of the data. This trend disappeared after correction of autocorrelation (second-order continuous autoregressive error structure CAR(2)).The dynamic equation derived from the Cieszewski (2002) model was finally selected after the comparison of goodness-of-fit statistics and a graphical analysis of the four models evaluated.
The parameterized equation for the selected model (equation [2] ), expressed in terms of site index estimation explained over 99 % of total variability and the SI curves developed showed the individual growth trend of chestnut coppice stands in northwestern Spain.
, where X 0 = 0. : adjusted coefficient of determination, RMSE: root mean square error.
Regarding the selection of the base age for site quality classification, ages between 20 and 30 years were superior for predicting height at other ages (figure 2). As selection of the youngest base age possible is valuable for early decision making in stand management, a base age of 20 years was selected as the best option (figure 3). Error relativo en la predicción de alturas para las diferentes clases de edad en relación con la elección de la edad de referencia. Curvas de crecimiento en altura dominante para valores del IS de 8, 12, 16 y 20 m a la edad de referencia de 20 años, superpuestas sobre las trayectorias de las alturas observadas a lo largo del tiempo para la ecuación dinámica seleccionada.
Stand density model. Stand age was the best explanatory variable for the explaining variation in stand density, according to the results obtained in the principal component analysis (80.6 % of the total variance). Adequate delimitation of the second principal component value enabled classification of the plots into two density classes: (i) "low density plots" and (ii) "high density plots", in order to obtain groups with a homogeneous stand density evolution in relation to stand age (figure 4 the total variance than that variable used for later inclusion in the yield tables. : adjusted coefficient of determination, RMSE: root mean square error.
Total and merchantable volume equations. Stand basal area, stand density and dominant height were the best explanatory variables for estimating both total and merchantable volume equations, and therefore a model with these variables was selected for inclusion in the yield tables. In the first case, a merchantable volume equation was developed which explained more than 99 % of total variance (equation [7] ). The model to be included in the SDMDs that only depended on H 0 and N explained about 61 % of the observed variability (equation [8] (8, 12, 16 and 20) and two density classes ("high" and "low").
According to this static model, the optimal rotation length (the one which produces the maximum sustainable yield) ranged between 25 and 45 years for the highest and isolines slope upwards from left to right, according to the principle that productivity at any point in time is significantly affected by dominant height. The uppermost line of the relative spacing index corresponds to a value of 10%, approximating the minimum relative spacing index represented in the data set. This value could be assumed as a reasonable approximation of the maximum size -density relationships for chestnut coppice stands in northwestern Spain.
DISCUSSION
Site index is a key variable for forest management because it is highly correlated with volume and biomass productivity. The GADA approach used in the present study to develop the dominant height growth model is much more accurate and precise than the guide curve method used for developing the pre-existent model in the region (Cabrera and Ochoa 1997) . In addition, we used longitudinal data obtained from stem analyses, instead of dominant heightage pairs of data from temporary plots used by Cabrera and Ochoa (1997) . Examination of the graphs showed that the SI curves provided the best description of individual growth trends for chestnut in coppice stands in northwestern Spain.
The optimal rotation length that produces the maximum sustainable yield varied from 45 years for the lowest site index (8 m) to 25 for the highest (20 m). The former rotation length (25 years) is lower than that reported by Cabrera and Ochoa (1997) (31 years) and by Elorrieta (1949) (30 years) and even than those proposed by Bourgeois et al. (2004) and Lemaire (2008) for high quality timber in France (40 -45 years). Nevertheless, for the lowest site index, the estimated optimal rotation length is 8 years higher than that obtained for a previous study in the region (Cabrera and Ochoa 1997) . The large differences in the rotation length for lowest site index may be explained by the different dominant height growth models used, and by the fact that the yield tables developed by Cabrera and Ochoa (1997) do not use an equation to explain density evolution over time. This lack may be due to the heterogeneity of the silvicultural stages of chestnut coppice stands in northwestern Spain. Nevertheless, in this study this heterogeneity in the stands was solved through the development of two-stand density models (high and low) in order to better explain the behavior of one of the most important factors in chestnut coppice stands.
According to yield tables, the productivity of chestnut coppice stands in the region is remarkably high, close to that of other species typically considered fast growing species such as pine or eucalyptus. The estimated growth in Asturias, especially for the better quality sites, is higher than that reported for other countries: 11 m 3 ha -1 year -1 at 40 years in the Dean Forest in the south of England for the best qualities (Everard and Christie 1995) , 10 m 3 ha -1 year -1 at 30 years in Italy (Elorrieta 1949) and 16 m 3 ha -1 year -1 at 30 years in France (Bourgeois et al. 2004) .
Nevertheless, the average diameter dimensions currently obtained in Asturias at rotation age are not as large as in France − quadratic mean diameter of 25.3 cm compared with 42.39 cm, respectively − ( Bourgeois et al. 2004 , Lemaire 2008 , mainly because of the stand densities −867 stems ha -1 for the lowest density and highest quality site compared with 180 stems ha -1 , respectively. More intensive management, together with higher quality sites, would allow production of high quality timber, which would be seriously appreciated in the timber market.
SDMDs and management options have been developed in many studies, e.g. Pérez-Cruzado et al. (2011) for Eucalyptus globulus Labill. and Eucalyptus nitens H. Deane and Maiden, Castaño-Santamaría et al. (2013) for Quercus pyrenaica Willd. in northwestern Spain. This study presents in figure 6 an example of a thinning schedule similar to those proposed for the best site qualities and the most intensive interventions in France. In this schedule, it is assumed that the target harvest dominant height is 28 m with a quadratic mean diameter over 34 cm. The upper growing stock limit is defined by a relative spacing index of 20 % and the thinning intervals are based on dominant height increments of 7 m. This figure also confirms the difference between stand densities in both countries since chestnut coppice stands in northwestern Spain present higher densities, in most of the cases over 800 stems ha -1 . Figure 5 . Stand density management diagrams for chestnut coppice stands in NW Spain for estimating stand volume (A), stem biomass (B), total biomass (C).
Diagramas de manejo de densidad para masas de monte bajo de castaño en el NO de España para la estimación de volumen total de la masa (A), biomasa de fuste (B), biomasa total (C).
CONCLUSIONS
Different management tools were developed for chestnut coppice stands in northwestern Spain and help determine the most appropriate practices for this type of stand. These models have a wide potential use because the data required for them are available from common forest inventories.
Four site indices were derived in this study for chestnut coppice stands in northwestern Spain. The indices were determined by the value of dominant height (8, 12, 16 and 20 m at a reference age of 20 years), according to the proposed site index curves.
The stand density models allow the explanation of the fact that stand density in coppice stands is closely related to historical silvicultural management, as a consequence of many stems growing in the same stool and competing for nutrients, water and space.
The stand biomass could be estimate with two different systems depending on the management tool applied. The first system enables calculation of stand biomass for different components implemented in the yield tables: wood, bark, crown and total biomass. The second system was fitted for stem and total biomass to be implemented in the stand density management diagrams. Figure 6 . Example of silvicultural scheme proposed in France with a very intensive intervention in the best quality forests. The points identified sample plots used in the adjustment process.
Ejemplo de esquema selvícola propuesto en Francia con una intervención muy intensiva en las mejores calidades de estación. Los puntos identifican las parcelas de muestreo utilizadas en el proceso de ajuste.
The proposed equations for stand volume can also be used to estimate total volume to different top diameters or height limit, and can be used to estimate multi-product volumes in the same tree, independently from using the one implemented in the yield tables or in the SDMDs.
These management tools are very effective for the design, display and evaluation of alternative density management regimes in forest stands. Estimation of stand volume, stand biomass, site quality and carbon pools can help stakeholders and Public Administrations to test several indicators of sustainable forest management related to growing stocks. The SDMDs developed in this study allows the development in a relatively easy way of alternative thinning schedules that could be compared using economic criteria to facilitate management decisions. Here, we only show some of the diagrams developed. However, the other diagrams are available upon request.
As additional information becomes available, it can be overlaid on the SDMDs to facilitate management decisions, and dynamic growth models can be developed. allowed the establishment of the permanent plots. This study was supported by the Spanish Ministry of Science and Innovation (MICIN) and the Plan for Science, Technology and Innovation of the Principality of Asturias (PCTI) as part of the research project "Forest and industrial evaluation of Spanish chestnut" (VALOCAS). ).
